Abstract-Interrelay interference (IRI) is known to limit the performance of virtual full-duplex (VFD) relaying schemes. Available interference cancelation schemes are unable to simultaneously improve the diversity and maintain the multiplexing gain of VFD relaying schemes in multiple antennas scenarios. In this paper, we propose a technique to improve the reliability of multiantenna VFD relaying scheme, while maintaining the multiplexing gain in the presence of IRI. In the proposed scheme, the source and interrelay channels are concatenated and their signals are jointly decoded at the relay. A superposition of the decoded messages is forwarded to the destination. To reduce the effect of IRI on the receiving relay, two suboptimal relay transmit antenna selection schemes, namely, random antenna selection and maximum capacity antenna selection, are investigated. The system capacity and outage probability bounds of the proposed scheme are derived in closed form. The diversity and multiplexing tradeoff is also characterized. The analytical and numerical results show that the proposed scheme can achieve full diversity and maintain the multiplexing gain of the full-duplex relaying scheme. Also, the proposed scheme can outperform conventional VFD relaying scheme in terms of reliability even in the presence of IRI.
T
O REDUCE the propagation losses at the cell edges, blind spots, shadowed environment and to extend cell coverage, additional nodes can be placed between the source and the destination. These additional nodes can act as relays to improve the system throughput [1] . Relays can operate in full-duplex (FD) or half duplex (HD) mode. FD relays can potentially achieve a higher spectral efficiency than HD relays. Consequently, FD relaying is considered as a key enabling technique for 5G systems. However, in practical systems, self-interference or residual loop back interference limits the performance of FD relays [2] , [3] . Although several techniques such as antenna isolation, analog cancellation and digital cancellation have been proposed to suppress self-interference, FD systems still suffer from residual loop back interference. Besides, the system design complexity of FD systems is a major concern for practical implementation. Other practical issues and challenges on FD relaying are reported in [4] . Due to the challenges in FD relaying schemes, HD relaying signal models are still practically used for analysis.
To recover the loss in the spectral efficiency of HD relays, several virtual full-duplex relaying (VFD) schemes have been proposed [5] . An example of such schemes is the successive relaying (SR) scheme which was first proposed in [6] . In SR schemes [6] - [9] , the source continuously transmits its symbols while two or more HD relays alternately receive and forward the messages to the destination.
The performance of the SR scheme can be measured based on the optimal tradeoff between the system reliability and the data rate, also known as the diversity and multiplexing tradeoff (DMT). In [7] , the authors proposed an SR scheme to achieve the full diversity with a tradeoff of a reduced multiplexing gain since three-time slots are required to transmit two source symbols. In [6] , the authors showed that the multiplexing gain can be recovered with a tradeoff in the diversity gain. A multiple relaying scheme is proposed in [10] to improve the diversity while achieving full multiplexing gain. However, the performance of the scheme is achieved at the expense of a large number of relays.
Multiple relays can also be used in SR schemes. In [11] , it is shown that the capacity scaling law for amplify and forward (AF) multi-pair successive relaying schemes can be improved compared to that of an FD relaying scheme. In [12] , multiple relays are scheduled to forward the information based on the channel state information. These schemes rely heavily on the global channel state information (CSI) which is difficult to achieve as the number of participating relays increases. Buffers can be used to aid the performance of multi-pair relays as shown in [5] . However, the performance benefit is limited by the buffer size available to each relay [13] and the use of buffers increases the delay in the transmission.
The main factor that affects the SR scheme is the IRI, due to the co-channel operation of the active relays. To combat IRI, partial interference cancellation is proposed at the destination node [14] . However, the partial interference cancellation 0018-9545 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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approach depends heavily on the successful detection of previous data symbols; hence, it is vulnerable to error propagation. In [15] , a full interference cancellation is proposed. Although the partial and full interference cancellation are first implemented in single-input single-output (SISO) SR schemes [14] , [15] , IRI cancellation has also been extended to MIMO SR schemes [16] .
On the other hand, reference [17] demonstrates that the IRI contains some important information which can be retransmitted with the current symbol using superposition coding. Although the scheme is proposed for a two-source network, the results show improvement in reliability as the IRI carrying the unintended source message is utilised at the single-antenna relay to improve the diversity gain. In [18] , the authors showed that the source and IRI symbols can be decoded and retransmitted to the destination using superposition coding with a slight loss in multiplexing gain. The scheme is proposed for a single antenna SR scheme and cannot be directly applied to a multi-antenna system since the source and IRI symbols cannot be spatially separated. In general, it can be observed that IRI contains useful information. If the useful information can be exploited at the relay and forwarded to the destination, the system reliability can be improved. This has not been considered in the existing MIMO SR literature, which motivates our study in this paper. Furthermore, managing IRI at the relay using linear beamforming techniques requires high degrees of freedom or a large number of antennas which corresponds to the number of interfering signals. Since the processing complexity of the baseband signal increases with the number of antennas, antenna selection comes as a remedy for these problems [19] . The implementation of transmit antenna selection at the relay can reduce the dimension of the IRI while enhancing the capacity of the user. Reducing the dimension of IRI in SR scheme using transmit antennas selection at the relay remains unexplored.
In this paper, we propose a reliable concatenated MIMO SR (CM-SR) scheme which consists of one source-destination pair and two decode and forward (DF) relays. The main contributions of this paper are presented as follows. Firstly, unlike existing SR schemes [11] , [13] , [20] , [21] , this paper presents an improved MIMO SR scheme which exploits the IRI instead of cancelling it out. The improvement is achieved by a novel inter-relay interference management technique, namely, transmit antenna selection at the relay and joint source and inter-relay interference decoding at the relay. A superposition of the decoded messages is transmitted to the destination in the relaying phase to improve the reliability of the signal detection. Secondly, we compare the analytical ergodic capacity and outage probability expressions with the Monte Carlo simulations of several reference schemes such as ideal FDR and conventional SR. The results show that the proposed scheme can achieve the capacity performance of the ideal FDR while providing a better outage and diversity performance.
Notation:
Throughout this paper, matrices and vector symbols are represented by uppercase and lowercase boldface respectively. + denotes max(a, 0).
II. SYSTEM MODEL
We consider an SR network consisting of four nodes, a source s, a destination d and two DF half-duplex relays denoted as r 1 and r 2 as shown in Fig. 1 . We assume s and d have no direct link similar to [7] , [18] , which could be due to blocking, shadowing, blind spot or distance path loss. In this scheme two relays help to forward the information from s to d. The scenario here can be found in the wireless sensor network, ad-hoc network or even infrastructure network where multiple intermediate nodes or idle users can act as relays to assist the source and destination pair. Unlike [7] , [18] , all the nodes in this paper are equipped with multiple antennas, where s, r 1 , r 2 and d are equipped with N s , N r 1 , N r 2 , and N d antennas respectively. In addition, the number of relay transmit antennas is denoted as
and H r i r j ∈ C N r j ×N t i , are assumed to be independent and identically distributed (i.i.d) Rayleigh fading channels. H sr i is the channel matrix between the source and relay i = {1, 2} , H r j d is the channel matrix between the transmitting relay j and the destination, H r i r j is the inter-relay channel matrix, where j = i is the identity of the transmitting relay. Furthermore, n r i ∈ C N r i ×1 and n d ∈ C N d ×1 denote the noise vectors at r i and d respectively. All the noise vectors are assumed to be complex Gaussian noise with distribution CN (0, σ 2 I). The local CSI is also assumed to be known at all the nodes, which can be acquired by channel training.
Without loss of generality, we assume that at odd time slots s transmits to r 1 , while r 2 transmits to d. At even time slots s transmits to r 2 , while r 1 transmits to d as shown in Fig. 1 . Synchronisation can be achieved at the pre-transmission phase, while the switching between the two relays can be achieved using existing time division duplexing mechanisms. We also assume that the source message to be transmitted is divided into L symbol codewords (where L is assumed to be even without loss of generality). Each symbol codeword x s ∈ N s ×1 is first multiplied by a transmit beamforming matrix at the source F i ∈ 
. .
where F i x s is the transmitted symbol vector at the source.
At time slot n, the signal received at r i and destination d can be expressed as
where y r i ∈ C N r i ×1 is the signal vector received at relay r i ,
T is the transmit vector at the source, W j ∈ C N r j ×N r j denotes the transmit beamforming matrix at r j , P s is the source transmit power, y dr j ∈ C N d ×1 is the signal vector received at d from r j and P r is the relay transmit power. In the proposed scheme, the source and inter-relay messages are jointly decoded at the relay. The decoded messages are re-encoded using superposition coding. Vector x r j is the superposition message transmitted from r j to d, which consists of the estimated source and inter-relay symbols, i.e., x r j = νx n −1 + ωx n −2 , where x n −1 and x n −2 are the transmitted message from the source in the n − 1 and n − 2 time slots, ν and ω are the factors that control the power level of the estimated symbols x n −1 and x n −2 respectively and ν 2 + ω 2 =1. Note that after two time slots, the relay can subtract its previously known symbols from the received mixture before jointly decoding the new symbols from s and r j . A summary of the transmission schedule for one block of length L is presented in Table I .
At n = L + 1, the source ends its transmission while r 2 transmits its symbols to d and r 1 . At n = L + 2, r 1 transmits the final symbol to d to mark the end of the transmission.
Superposition symbols are transmitted to the destination to improve the reliability of the system, while successive decoding is implemented at the destination to decode the superposition symbols [10] . In successive decoding, the destination decodes one of the messages from the received mixtures while considering the other message as noise. The decoded message is then removed from the received signal and the second message can be decoded. Note that the first message received at the destination is not corrupted by interference. To implement successive decoding at the destination, this message is used as side information to decode subsequent messages. This paper focuses on the system design and analysis. Hence, the successive decoding process at the destination is omitted. We refer our readers to [22] and reference therein for further details.
From the protocol description, it can be observed that, L + 2 time slots are required to transmit L symbols. Hence, a multiplexing gain of L L +2 can be achieved. This slight loss in multiplexing gain is also reported in [23] . However, the overhead diminishes over long transmission length L.
III. PROPOSED RELAY RECEIVER BEAMFORMING AND
TRANSMIT ANTENNA SELECTION From the protocol described in the previous section, it can be observed that at each time slot, relay r i receives from both s and r j . Zero-forcing (ZF) receivers are used to diagonalise the received signal from the source and inter-relay link. Hence, it is assumed that the number of receive antennas at the relays is N r i ≥ N s + N t j , such that the total number of received streams is less than or equal to the number of receive antennas at the relay. The source transmit beamforming matrix F i , is assumed to be an identity matrix I N s since its optimisation has no effect on the ZF receiver at high SNR. Also from the proposed scheme, it is observed that the relay to destination link limits the end-to-end rate. Therefore, optimising the source transmit beamforming matrix can only be beneficial if the global CSI is known. As such, we focus on the design of the relay receive and transmit beamforming matrices and relay transmit antenna selection.
A. Design of Relay Receive Beamforming Matrix G
In the proposed scheme, the source and inter-relay links are jointly decoded by concatenating the source and IRI channel. This is unlike the scheme proposed in [24] where the IRI is cancelled out by projecting the receiver signal into the null space of the ZF receiver. However, decoding the source and inter-relay symbols requires high degrees of freedom, i.e., a large number of antennas corresponding to the dimension of the source and interfering signals at the receiving relay. In this paper, transmit antenna selection is proposed at the relay to reduce the dimension of the interfering signals. Hence, N t j out of N r j antennas are selected for transmission such that N r i ≥ N s + N t j , with the assumption that N s = N d , where N t j can be greater than or equal to N d . By having more receive antennas at the relays, the ZF receiver has more degrees of freedom to process both the source and IRI symbols. Furthermore, the receiver benefits from the receive antenna array gain.
From (1) the received signal at r i can be expressed as
r j r i is the composite channel obtained by concatenating the s to r and inter-relay channels and x c = [
] is the composite message at the ZF receiver of r i . Furthermore,
is the ZF beamformer. The received signal after the ZF operation can be expressed as
From (5), the single stream SNR at the relay receiver can be computed as
where
, γ v denotes the v-th stream SNR and N = N s + N t j ≤ N r i is the total number of data streams received from the source and transmitting relay. The instantaneous capacity at relay i is given by
B. Relay Transmit Antenna Selection
As noted earlier, to reduce the dimension of the interference on the receiving relay, antenna selection can be employed at the relay transmitter. In the proposed scheme, all N r i antennas at r i are activated during the relay reception phase while antenna selection is implemented at the transmission phase of r j . In this section, two antenna selection schemes, namely random antenna selection (RAS) and maximum capacity antenna selection (MCAS), are discussed. Although the MCAS is optimal for the relay to destination link, it is suboptimal in terms of the end-to-end capacity since the multiple access channel (source to relay and inter-relay) capacity at the receiving relay is not considered in the antenna selection.
Recall that there are N r j available transmit antennas at the relay and N d receive antennas at the destination. N t j out of N r j antennas are selected for transmission from r j to d. Denote N t j ⊂ {1, 2, · · · , k} and let k be the maximum number of antennas that can be selected from N r j which satisfy N s + N t j ≤ N r . Furthermore, denote h as the column vector of H r i d , a new subchannel matrix for any k selected antennas can be expressed as
1) Random Antenna Selection (RAS):
Assuming k antennas are randomly selected, the capacity of the randomly selected subchannel matrix H k can be expressed as
where z is a variable which represents the selection entries.
2) Maximum Capacity Antenna Selection (MCAS):
From our proposed protocol, it can easily be verified by Monte Carlo simulations that the system capacity is limited by the r j → d link. To further improve the capacity at the destination, MCAS scheme is employed to improve the r j → d link. The maximum capacity can be achieved by maximising (8) , such that
where Z = N r j N t j is the number of combinations when N t j is selected out of N r j .
To obtain the maximum capacity from the set, one solution is to an perform exhaustive search over N r j N t j combinations. However, several fast antenna selection schemes [19] can be used to reduce the complexity and search time. Since this paper focuses on the achievable capacity and outage probability performance evaluation, the specific choice of antenna selection algorithm is omitted.
C. Design of Relay Transmit Beamforming Matrix W j
We proceed with the design of the transmit beamforming matrix at the relay. After the selection process, a new subchannel matrix between r j and d denoted as H k is obtained. The r j → d channel after antenna selection, H k can be decomposed by singular value decomposition (SVD) such that 
D. Destination Receiver
In the relay transmission phase, the relay forwards its superposition symbols to the destination. The signal model of the messages received at the destination after L + 2 symbol time slots can be expressed as a multiple access MIMO channel from the two relays, due to the cooperation between the relays. Note that since each symbol is transmitted from both relays, the spacetime block message received at the destination can be expressed in the time domain. For a relay transmit symbol x r j , the signal received at the destination from the two relays can be expressed as (10) The mutual information at the destination denoted as I d can be expressed as
, Σ i is the effective channel gain between r i and d, α and τ are the parameters that control the power levels of the multiple access channel. The instantaneous capacity at d in each symbol time slot n can be expressed as,
Note that the instantaneous capacity expressions at the relay given by (7) and destination given by (12) define the capacity through the relay link at time slot n. While the mutual information given by (11) , is achieved from the cooperation between the relays.
E. End-to-End Capacity
We assume each transmitter is allowed to transmit with full power. Furthermore, we assume the channel remains static for L + 2 transmission time slots for simplicity of the analysis, as the scheme can also be applied to a fast fading scenario.
From (7) and (12), the end-to-end capacity can be expressed as [6] .
. It can be observed that the end-to-end capacity through any of the relay link is limited by the minimum of the s → r i and r i → d links.
IV. ERGODIC CAPACITY ANALYSIS
Analysis of the ergodic capacity for the proposed scheme is discussed in this section. The analysis is based on high SNR assumption. Equal power allocation is considered at the transmitter of s and r i since it is optimal at high SNR. We assume that the channels through relays r 1 and r 2 are symmetrical. Hence, it is sufficient to study the ergodic capacity through one of the relays. We therefore omit the identity of the relay and identify the relay as r; consequently N r and N t are used interchangeably with N r i and N t j respectively. Consider the channel from s to r with the inter-relay link as shown in (5), and the instantaneous capacity at the relay given in (7). Let B = H H c H c , (7) can be further expressed as
The closed-form expression of the upper and lower bounds of the capacity at the relay is presented in the following Theorem. Theorem 1: Assuming i.i.d Rayleigh fading, the ergodic capacity at the DF relay of the proposed CM-SR protocol at high SNR can be upper bounded by
and lower bounded by
where ψ is the Euler's digamma function [25] . Proof: Refer to Appendix A. Remark 1: Recall that N r ≥ N , where N = N s + N t , it can be observed from (15) and (16) , that the capacity scales asymptotically with the minimum number of antennas N .
Next, we derive the upper and lower bounds on the ergodic capacity of the relay to destination link. Consider the relay to destination link in a flat Rayleigh fading scenario, to achieve (9) which corresponds to the MCAS scheme, it is required that N t antennas, which maximise the SNR at the destination, are selected for transmissions. Recall that the system performance is limited by the relay to destination link. Therefore by maximising the performance of the r to d link, the system end-to-end performance can be improved. To achieve (9), we arrange the random variables C k,z in order of increasing magnitude such that C (1) ≤ C (2) ≤ . . . C (Z ) . Hence, the capacity corresponding to the Z-th ordered statistics will be selected for transmission.
The total power gain of the selected channel is given by the squared Frobenius norm of H k which can be expressed as
The selected channel can be upper and lower bounded as follows [26] :
The distribution of the Frobenius norm of H k is a chi-squared distribution with 2N t N d degrees-of-freedom where the probability density function (PDF) is defined as [27] ,
where y = N t × N d . The cumulative distribution function (CDF) of (18) is expressed as
Based on order statistics, the PDF of C (Z ) can be expressed as
The ergodic capacity of the selected random channel can be evaluated by taking the expectation of (12) which can be expressed as [28] 
We summarise the ergodic capacity of the relay to destination link in the following Theorem.
Theorem 2: Assuming i.i.d Rayleigh fading, the ergodic capacity at the destination of the proposed CM-SR protocol, with MCAS at the relay can be upper bounded by
Proof: Refer to Appendix B. Remark 2: It can be observed that for a fixed N t transmit and N d receive antennas, the ergodic capacity gain for MCAS grows with log log Z over the RAS scheme. Therefore, increasing the number of relay antennas improves the capacity of the proposed scheme when MCAS is implemented.
Corollary 1: Assuming i.i.d Rayleigh fading, the end-to-end ergodic capacity of the proposed CM-RS protocol can be upper bounded by
where (23) and (24) imply that the end-to-end capacity of the proposed CM-SR is limited by the minimum capacity between each s to r and r to d links.
V. OUTAGE PROBABILITY ANALYSIS
In this section, we evaluate the performance of the proposed scheme in terms of outage probability and DMT. For the proposed scheme, an outage occurs when both relays are in outage or the destination is in outage. Multiplexing gain is defined as r = lim ρ→∞ R (ρ) log ρ , where R(ρ) is the data rate in bits/s/Hz, while diversity gain is defined as d = −lim ρ→∞ log P e (ρ) log ρ , where P e (ρ) is the probability of error when maximum likelihood decoder is used. At high SNR, the error event is dominated by the outage event [29] . Thus, we proceed to determine the outage probability of the proposed CM-SR scheme. In Subsection V-A, we consider the case where both relays can successfully decode while in Subsection V-B, we consider the case where only one relay can decode. The probability that the relays are qualified to decode the source and inter-relay signals is expressed in the following lemma.
Lemma 1: The probability that D relays can successfully decode both the source and inter-relay signals has a binomial distribution as follows
where P (D) is the probability that D relays are qualified to decode, ρ m = (2 R/N − 1)/ρ r , R is the target data rate and K ≥ D.
Proof: Refer to Appendix C.
A. Case 1: Two Relays Can Successfully Decode
The outage probability of the proposed CM-SR when MCAS is implemented is expressed in the following lemma.
Lemma 2: The outage probability at high SNR, of the proposed CM-SR + MCAS with perfect decoding at the relay can be expressed as
From (26), when both relays can successfully decode, i.e., P (D) = 1, we can characterise the DMT of the proposed scheme. Note that the DMT can provide insights on the best performance limit in terms of reliability of the proposed CM-SR scheme. We summarise the result in the following theorem.
Theorem 3: Assuming both relays can successfully decode the source and IRI symbols at high SNR, the DMT of the proposed CM-SR+MCAS scheme in a slowly varying i.i.d. Rayleigh fading scenario can be expressed as
Proof: Recall that the exponent of the outage probability of a scheme can be used to characterise its DMT. From the outage exponent in (26) , the Theorem can be easily proven.
Remark 3: It can be observed that for D = 2 relays, the full diversity gain of 2N d N r can be achieved. The multiplexing gain can be brought close to r for large values of L, which makes the scheme more efficient and reliable when compared to the ideal full-duplex relaying scheme and ideal SR scheme without IRI. This is readily shown in the numerical results section. Note that the DMT d 1 (r) in (27) is similar to the DMT of a MIMO multiple-relay network in [30] .
B. Case 2: One Relay Can Successfully Decode
We note that in a real scenario both relays may not always be able to decode the source and IRI symbols. If both relays are in outage, then the system is said to be in outage because there is no direct link between the source and destination. However, if one of the relays is unable to decode correctly due to poor source-torelay link, the inter-relay link can still be used by the relays to enhance the outage probability at the destination. In such case, the multiplexing gain will be reduced to HD multiplexing gain, i.e., 1/2 due to HD constraint. The DMT of the proposed CM-SR scheme when only one relay can decode the source symbols correctly is summarised in the following Theorem.
Theorem 4: Assuming only one relay can decode the source symbols at high SNR, the DMT of the proposed CM-SR scheme in a slowly varying i.i.d. Rayleigh fading channel can be expressed as,
Proof: From the outage exponent in (26) , the Theorem can be proven for D = 1.
Remark 4:
It can be observed that when only one relay can successfully decode, a maximum diversity gain of only N r N d can be achieved. The result also reflects a reduction in multiplexing gain due to HD constraint.
VI. REFERENCE SCHEMES
The proposed CM-SR scheme is compared with two reference schemes, namely the ideal SR scheme and the ideal FDR scheme. The reference schemes are briefly discussed in the following subsections.
A. Ideal SR Scheme
The ideal SR scheme operates without IRI, which could be achieved by interference avoidance techniques such as relay placement and relay positioning [31] , or full interference cancellation [32] . The capacity of the ideal SR scheme can be expressed as [6] ,
Since IRI is not present in the system, each relay can transmit with all N r antennas during the relay transmission phase, i.e., N t = N r .
B. Ideal FD Relaying
The ideal FDR is assumed to be free from self-interference and uses separate antenna architecture, where half of the antennas are used for reception and half of the antennas are used for transmission. For a fair comparison, two antenna configurations, N r and 2N r are considered at the relay. Antenna selection is also employed such that N t out of N r antennas which maximise the capacity at d are selected. The capacity of the ideal FDR scheme can be expressed as
VII. NUMERICAL RESULTS
In this section, we present several Monte Carlo simulation results to validate the analytical results and compare the proposed scheme with the reference schemes. Equal power allocation is applied in all schemes to enable a fair comparison. Throughout this section, the following antenna configurations are used except when stated otherwise: N s = 2, N r = 4, N t = 2, and
The analytical and simulated ergodic capacity versus SNR of the proposed CM-SR scheme with RAS and MCAS at the relays is presented in Fig. 2 . It is observed that the simulations agree with the analytical result in Corollary 1. The simulated CM-SR + RAS scheme becomes exact with the analytical lower bound even at a moderate SNR regime, while the upper bound's tightness improves with increasing SNR. Fig. 3 compares the ergodic capacity versus SNR of the proposed CM-SR and the reference schemes. For ease of notation, we denote (N r : N t ) as N t selected transmit antennas from N r . The SR scheme with full interference shows that the capacity of SR scheme is severely degraded by IRI when all the relay antennas are used in the relay transmission phase. As previously discussed, to limit the effect of IRI, transmit antenna selection is proposed at the relay. When the ideal FDR scheme with two different antenna configurations is compared with the proposed schemes, the result shows that the proposed scheme can achieve the same multiplexing gain as the ideal FDR scheme. Recall that the slope of the ergodic capacity characterises the multiplexing gain of a scheme. We also observe that the proposed CM-SR + MCAS can perform close to the ideal FDR scheme with 2N r number of antennas at the relay. It is observed that the proposed CM-SR+MCAS scheme also performs better than the ideal SR scheme (which is free from IRI), thanks to the utilisation of the inter-relay channel to increase the diversity gain.
The probability that D relays fall within the decoding set (i.e., D relays can successfully decode the source and inter-relay messages), is presented in Fig. 4 . Equation (45) is used for the simulation with the minimum number of receive antennas, i.e., N r = N s + N t = N and the target rate is set at R=6 bits/s/Hz. It can be observed that as SNR increases beyond 20 dB, both relays can successfully decode, i.e., P (Decoding set D = 2) → 1 and P (Decoding set D = 2) → 0. Depending on the target data rate, the proposed scheme can be adjusted to work well in the entire SNR range. In subsequent simulations, we will use the assumption that both relays can successfully decode the source and inter-relay symbols, following the fact that both relays are qualified at reasonable SNR (i.e., SNR ≥ 20 dB) at a target rate of 6 bits/s/Hz. Fig. 5 compares the outage probability versus the SNR of the proposed CM-SR schemes with the reference schemes, at a fixed data rate R = 6 bits/s/Hz. From the slope of the curve, we can observe that the proposed CM-SR+MCAS scheme provides better diversity gain compared to the ideal FDR (with both N r and 2N r antennas) and the ideal SR schemes. The outage performance of the proposed scheme is improved by transmitting each symbol through the two relays. The diversity and multiplexing tradeoff curves for various schemes are presented in Fig. 9 . The results for the proposed scheme in this figure are obtained from Theorems 3 and 4. The ideal FDR scheme has the lowest reliability even though it achieves the full multiplexing gain. We observe that for long transmission length the proposed scheme and the ideal SR schemes can also achieve close to the multiplexing gain of the ideal FDR scheme. For a better comparison, the ideal FDR scheme is allowed to receive and transmit with N r = N t = 4 antennas at the relay, yet the proposed scheme still outperforms the ideal FDR scheme. This is because the proposed scheme exploits the IRI to improve the diversity gain. Since each symbol is transmitted through the two relays, a redundant path for signal transmission is created to improve the system reliability. We note that the relay may not always be able to decode the source and inter-relay symbols. As such, the case of the proposed scheme when only one relay can decode, i.e., D = 1, is presented. The result shows that the proposed scheme can achieve higher diversity gain compared to the ideal FDR scheme with N r antennas but with a loss of about 50% in multiplexing gain due to HD constraint. In [7] , a reliable SR scheme is proposed, which requires three-time slots to transmit two symbols. Although it achieves the same maximum diversity gain as the proposed CM-SR at r = 0, the proposed CM-SR scheme is about 33% better in terms of the maximum multiplexing gain.
VIII. CONCLUSION
A reliable concatenated MIMO successive relaying protocol which allows the receiving relay to decode both the source and inter-relay interference message has been proposed. When the proposed scheme is implemented with MCAS, the results show significant improvement in terms of capacity and reliability over existing schemes. However, when the complexity is considered and the proposed scheme is implemented with RAS, the results show that the proposed CM-SR scheme can still perform as well as the ideal full-duplex relaying scheme in terms of capacity and outage probability. The improved system performance is achieved by jointly decoding the source and IRI symbols at the relay and re-transmitting them to the destination using superposition coding. The proposed CM-SR scheme also outperforms existing schemes in terms of the outage probability and the DMT. The Monte Carlo simulations validate the analytical results and show that the proposed scheme can achieve higher ergodic capacity and lower outage probability in the presence of IRI if compared to the reference schemes.
APPENDIX A PROOF OF THEOREM 1
Proof: Consider the channel from s to r with the inter-relay link, as shown in (4), where H c ∈ C N r ×N is the composite channel matrix. The instantaneous rate at the relay is defined by (7). Define B = H H c H c , then (7) can be expressed as
Invoking the matrix property,
, and applying Jensen' s inequality, equation (32) can be upper bounded as follows,
To obtain a closed form equation from (33), the expectation can be taken assuming i.i.d Raleigh fading channel. Note that for an N r × N central Wishart matrix, where N r ≥ N , the expectation in the second and third terms in (33) are given as,
where ψ is the Euler's digamma function [25] . The distribution of the first term in (33), whose density is given by the Wishart distribution f (λ) =
(.) denotes the Laguerre polynomial of order t and λ is the unordered eigenvalues of B. The first term in (33) can be expressed for N r ≤ N as [33] ,
and when
Substituting (34), (35) and (37) into (33) , the proof of Theorem 1 is completed.
APPENDIX B PROOF OF THEOREM 2
Proof: Starting from (20) , and substituting (17) into (20) the ergodic capacity can be bounded as follows
Recall that the distribution of the Frobenius norm of H k is a chi-squared distribution with 2N t N d degrees of freedom. It can be shown from extreme value theory [34] that
Define Q = log Z N d + N t log log Z N d + Olog log log Z, the upper bound in (38) can be evaluated as
Therefore the upper bound can be expressed as
Similarly, it can be shown that, Pr {log Z − log log Z ≤ λ k ,min ≤ log Z + log log Z} = 1 − O( 1 log Z ). Hence, the lower bound can be expressed as
Equations (43) and (44) c . The cumulative distribution function (CDF) of the i−th stream can be evaluated by following similar steps in [35] as, F (ρ n ) = 1 − exp(−ρ n /(σ 2 ρ r )). The probability that a relay falls within the decoding set is P (A) = (P (ρ n > 2 R − 1)) N = exp(−Nρ m ), where ρ m = (2 R − 1)/(σ 2 ρ r ). Note that as ρ r → ∞, ρ m → 0. By using the approximation exp(−a)a → 0 ≈ 1 − a a→0 , it follows that P (A) = exp(−Nρ m ) can be approximated as P (A) = 1 − Nρ m at high SNR. The probability that D relays in the decoding set K, can successfully decode the source and inter-relay symbols has a binomial distribution which can be expressed as
Substituting the high SNR approximation of P (A) into (45) we obtain
Since Nρ m 1 as ρ r → ∞ Lemma 1 is proved.
APPENDIX D PROOF OF LEMMA 2
Proof: In the CM-SR mode, after determining that the relay falls within the decoding set, the relays decodes the received codewords and retransmits the superposition symbol to the destination.
Consider the transmission from the two relays to the destination, where both relays transmit the same symbol in two orthogonal time slots. The per symbol mutual information is given by (11) . The mutual information at the destination can be upper bounded by, 
We assume that each relay to destination node is symmetrical. Hence, I d = D(I(x r ; y d )), where D denotes the number of qualified relays. Outage occurs when the mutual information I d is less than the target data rate. i.e., P out (SN R) = (I D < R). Due to the cooperation between the two relays, the system is said to be in outage when both relays cannot decode the received message, i.e., when D = 0. The outage probability analysis is carried out for the case where at least one relay can successfully decode the source symbol, i.e., D ≥ 1. Next, we proceed to show that, when N t out of N r antennas are selected for transmission and N d antenna are used for reception, the MCAS scheme achieves the same maximum diversity gain as a MIMO system with N r transmit and N d receive antennas.
We assume N t = 1, the outage probability of the MCAS scheme can be expressed as
Define t = 2 R −1 ρ , the probability density function (PDF) of C (Z ) is given by (19) . Hence, the outage probability can be expressed as 
